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Sex-Specific Apoptosis Regulates Sexual
Dimorphism in the Drosophila Embryonic Gonad
respond to the sex determination switch, and these cells
then control the sex-specific development of the rest of
the organism indirectly. Thus, if the pathway promoting
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sexual dimorphism is conserved between animal species,1Department of Biology
this should be most evident in the developing gonad.2 Integrated Imaging Center
Although little is understood about the developmentJohns Hopkins University
of sexual dimorphism in the Drosophila gonad, a consid-Baltimore, Maryland 21218
erable amount is known about the cells that contribute3 Department of Genetics
to this organ. The gonad is formed from a combinationUniversity of Cambridge
of germ cells and specialized somatic cells known asDowning Street
somatic gonadal precursors (SGPs). The germ cells formCambridge
initially as the pole cells at the posterior of the blasto-United Kingdom
derm embryo and migrate through the embryo to con-
tact the SGPs (reviewed in Starz-Gaiano and Lehmann,
2001). SGPs are specified within the eve domain of theSummary
dorsolateral mesoderm in parasegments (PS) 10, 11,
and 12 (Brookman et al., 1992; Boyle and DiNardo, 1995;Sexually dimorphic development of the gonad is es-
Boyle et al., 1997; Moore et al., 1998a; Riechmann etsential for germ cell development and sexual repro-
al., 1998). The actions of tinman and zfh-1 allow theduction. We have found that the Drosophila embryonic
formation of the dorsolateral mesoderm (Broihier et al.,gonad is already sexually dimorphic at the time of
1998), while expression of eyes absent (eya) specificallyinitial gonad formation. Male-specific somatic gonadal
in SGPs is required for their proper specification (Boyleprecursors (msSGPs) contribute only to the testis and
et al., 1997). The homeotic gene abdominal A (abd-A)express a Drosophila homolog of Sox9 (Sox100B), a
is required to promote SGP formation in PS 10–12gene essential for testis formation in humans. The
(Brookman et al., 1992; Cumberledge et al., 1992; MooremsSGPs are specified in both males and females, but
et al., 1998a; Riechmann et al., 1998). Once the germare only recruited into the developing testis. In fe-
cells and SGPs have properly associated, they then co-males, these cells are eliminated via programmed cell
alesce into a tightly compacted and organized embry-death dependent on the sex determination regulatory
onic gonad in a process that requires the genes shotgun/gene doublesex. Our work furthers the hypotheses
E-cadherin and fear of intimacy (Van Doren et al., 2003;that a conserved pathway controls gonad sexual di-
Jenkins et al., 2003).morphism in diverse species and that sex-specific cell
In Drosophila, the primary sex determination switchrecruitment and programmed cell death are common
is controlled by the X chromosome to autosome ratio,mechanisms for creating sexual dimorphism.
which leads to the expression of Sex lethal (Sxl) protein
specifically in females. Sxl allows expression of Trans-Introduction
former (Tra) protein, which, along with Transformer-2,
leads to female-specific splicing of the doublesex (dsx)A key issue in developmental biology is how individuals
transcript (Burtis and Baker, 1989). In males, dsx isof a species take on different sexual phenotypes, male
spliced in a male-specific (default) pattern. The sex-versus female. Sexual dimorphism in somatic tissues
specific dsx mRNAs encode for either DsxM (male iso-
controls the development of germ cells into eggs or
form) or DsxF (female isoform), which are transcription
sperm and provides the mechanism for bringing ga-
factors responsible for regulating sex-specific gene ex-
metes of opposite sexes together. Sexual dimorphism pression. dsx is required for virtually all aspects of sexual
is initiated by primary sex determination switches that dimorphism in the soma outside the central nervous
vary widely between different animal species. However, system (Baker and Ridge, 1980), although the only direct
there is increasing evidence that the pathways these targets known for the Dsx proteins are the yolk protein
switches activate to produce sexual dimorphism may genes (Burtis et al., 1991; Coschigano and Wensink,
be more highly conserved than the switches themselves 1993). Since both DsxM and DsxF play an active role
(Zarkower, 2001). A prime example is the Sox9 gene, in promoting their respective sexual pathways, most
which is essential for testis development in humans tissues acquire an intersexual phenotype in dsx mutant
(Foster et al., 1994; Wagner et al., 1994) and is expressed adults (Hildreth, 1965). Recently, progress has been
in a male-specific manner in the gonads of vertebrates made in understanding how dsx controls the sexually
with different mechanisms of primary sex determination dimorphic development of some tissues. The sex-spe-
(Kent et al., 1996; Moreno-Mendoza et al., 1999). The so- cific pattern of pigmentation on the posterior cuticle of
matic cells of the gonad play an essential role in nurturing the adult fly is controlled by dsx acting through bric a`
sexual dimorphism in the developing gametes. In mam- brac (Kopp et al., 2000). Furthermore, dsx controls the
mals, the somatic cells of the gonad are the only cells that sex-specific development of the genital imaginal disc,
the tissue that forms many of the nongonadal reproduc-
tive structures, by regulating both patterning (dachs-*Correspondence: vandoren@jhu.edu
4 These authors contributed equally to this work. hund, wingless, decapentaplegic) and cell migration
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(branchless) (Keisman and Baker, 2001; Sanchez et al.,
2001; Ahmad and Baker, 2002).
Although it is not known when sexual dimorphism is
initially established in the somatic gonad, the germ cells
show dimorphism at very early stages. A slightly larger
number of germ cells enter into the male embryonic
gonad as it forms (Sonnenblick, 1941; Poirie´ et al., 1995).
By early larval stages, the difference in germ cell number
becomes more dramatic, and the sex of the embryo can
be clearly identified by gonad size (Kerkis, 1931; Aboim,
1945). This difference in gonad size requires dsx (Stein-
mann-Zwicky, 1994), but since dsx is not required in the
germ cells (Schu¨pbach, 1982), dsx is likely to be acting
in the soma to control germ cell number. By later stages,
it is also clear that dsx acts to control development of the
somatic gonad itself (Hildreth, 1965). One downstream
factor controlling sexual dimorphism in the somatic go-
nad is Wnt2, which is expressed in a male-specific man-
ner in the larval gonad and is required for proper testis
development (Kozopas et al., 1998).
Here, we extend our understanding of sexually dimor-
phic development of the somatic gonad in Drosophila.
We have found that the gonad is already dimorphic at
the time of gonad coalescence, and we have identified a
group of cells, termed the male-specific SGPs (msSGPs),
that becomes part of the developing testis, but not the
ovary. These cells express SGP markers such as Eya,
but also exhibit expression of a Sox9 homolog, Sox100B.
msSGPs are initially specified in both males and females,
and we demonstrate that sex-specific programmed cell
death determines the sexually dimorphic development
of these cells.
Results
Sexual Dimorphism in the Embryonic Gonad
To investigate when sexual dimorphism is first mani-
fested in the somatic gonad, we analyzed expression
of SGP markers in embryos whose sex could be unam-
biguously identified, at a developmental stage (stage 15)
soon after gonad coalescence has occurred. Analysis of
Eya expression reveals anti-Eya immunoreactivity through-
out the female somatic gonad (Figure 1A), though Eya
expression is somewhat stronger in the posterior, as
was previously reported (Figure 1A; Boyle and DiNardo,
1995). In males, anti-Eya immunoreactivity is also found
throughout the somatic gonad. However, the expression
at the posterior of the gonad is much more intense than
in females, as there appears to be a cluster of Eya-
expressing cells at the posterior of the male gonad that
is not present in females (Figure 1B). In blind experi-
ments, the sex of an embryo could be accurately identi-
fied by the Eya expression pattern in the gonad. Thus,
sexual dimorphism is already apparent in the somatic
gonad soon after initial gonad formation. A sex-specific
Figure 1. Sexual Dimorphism in the Embryonic Gonad expression pattern is also observed with Wnt-2 at this
Drosophila stage (st.) 15 embryonic female (A, C, E, G, and I) and stage. As is observed with Eya, Wnt-2 is expressed in
male (B, D, F, H, and J) gonads. Anterior is to left in all panels. Vasa,
Eya, and Sox100B were revealed with immunofluorescence. Wnt-2
was analyzed with fluorescent in situ hybridization. Colors of stain-
ings are as indicated in panels.
(A–F) Wild-type faf-lacZ embryos. (I and J) osk mutant agametic embryos. Note increased staining in
(F, inset) 68-77 enhancer trap expressing -galactosidase in the SGPs. posterior of male gonads. Magnification in (G) and (H) is 0.75
(G and H) foi mutant embryos. relative to all other panels.
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the SGPs of the female gonad (Figure 1C), but its expres- and Nu¨sslein-Volhard, 1986). Other aspects of embry-
onic development occur normally in these embryos, in-sion is greatly increased at the posterior of the male
gonad (Figure 1D). The SGP marker bluetail (Galloni et cluding the formation and coalescence of the SGPs
(Brookman et al., 1992; Boyle and DiNardo, 1995). Weal., 1993) exhibits a similar sex-specific pattern as Eya
(data not shown); however, the SGP marker 68-77 (Si- observe that agametic gonads show identical sexual
dimorphism to wild-type embryos. Sox100B is coex-mon et al., 1990) is expressed equally in both sexes (see
below). Thus, the somatic gonad is sexually dimorphic pressed with Eya in the cluster of somatic cells in the
posterior of the male gonad (Figure 1J), but Sox100Bby stage 15, but only a subset of SGP markers reveals
this sexual dimorphism. expression is not observed in the female gonad (Figure
1I). Thus, sexual dimorphism of the embryonic somatic
gonad does not require proper gonad morphogenesis
Sox100B, a Homolog of Sox9, Is Sexually or the presence of germ cells.
Dimorphic in the Gonad
During Drosophila embryogenesis, Sox100B is ex-
pressed in a number of cell types, including the gonad Sexual Dimorphism Results from the Presence
of Male-Specific Somatic Gonadal Precursors(Loh and Russell, 2000). Since Sox100B is closely related
to Sox9, an important sex determination factor in hu- The posterior cluster of Eya and Sox100B coexpressing
cells could result from sex-specific differences in genemans and mice (Foster et al., 1994; Wagner et al., 1994;
Kent et al., 1996), we tested whether Sox100B expres- expression within the cells of the gonad. Alternatively,
it could reflect a difference in gonad morphology, insion is sexually dimorphic in Drosophila. Interestingly, we
find that after gonad coalescence (stage 15), Sox100B which these cells are only present in males and not in
females. To distinguish between these possibilities, weexpression in the gonad is male-specific. Sox100B im-
munoreactivity is not observed in the coalesced female analyzed the morphology of the male and female coa-
lesced (stage 15) gonad, using approaches that do notgonad (Figure 1E), whereas it is detected in a posterior
cluster of SGPs in the male gonad (Figure 1F). While we depend on cell-type-specific SGP markers. First, we
expressed a CD8-GFP fusion protein broadly in thesee this expression pattern in most wild-type backgrounds
(including Canton-S and faf-lacZ), in certain “wild-type” mesoderm. The fusion of the extracellular and trans-
membrane regions of mouse CD8 with GFP allows forlines, such as w1118, we observe a few Sox100B-positive
cells in the posterior of the coalesced female gonad visualization of cell and tissue morphology (Lee and Luo,
1999). We consistently observe a cluster of mesodermal(however, this is still clearly distinguishable from the
number of Sox100B-positive cells in the male; data not cells attached to the posterior of the male gonad (Figure
2B) that is not observed in the female (Figure 2A). Inshown). Unlike Eya and Wnt-2, Sox100B is not expressed
in all SGPs, since it is usually absent from female gonads blind experiments, the sex of the embryo can be pre-
dicted based on the presence of this posterior clusterand from the anterior region of the male gonad and does
not colocalize with the SGP marker 68-77 (inset, Figure 1F). of cells. We also examined male and female gonads by
transmission electron microscopy (TEM). Male and femaleSox100B expression appears restricted to the posterior
cluster of SGPs that is observed only in the male gonad. embryos were first sorted using an X chromosome-linked
GFP expression construct and then processed separatelyThus, like Sox9 expression in vertebrates, Sox100B exhib-
its a male-specific pattern of expression in the Drosophila for TEM (see Experimental Procedures). In this analysis, we
again observe a cluster of cells at the posterior of the maleembryonic gonad, suggesting that it may indeed be an
ortholog of Sox9. gonad (Figure 2D) that is not present in the female gonad
(Figure 2C). The size and morphology of these cells indicate
that they are somatic cells rather than germ cells. Thus,
Sexual Dimorphism Does Not Require Gonad the observed sexual dimorphism reflects a change in gonad
Coalescence or the Presence of Germ Cells morphology, not justa change ingene expression. Sincethe
After having identified sexually dimorphic markers of additional cells at the posterior of the malegonad express at
the embryonic gonad, we wanted to use these markers least some markers in common with SGPs (e.g., Eya), we
to investigate how sexual dimorphism is established. refer to these cells as male-specific SGPs (msSGPs).
We asked whether proper gonad formation is necessary
for the establishment of sexual dimorphism by examin-
ing Sox100B expression in fear-of-intimacy (foi) mutant msSGPs Form in Both Males and Females
and Are Recruited into the Developing Testisembryos. In foi mutants, germ cells migrate and associ-
ate normally with the SGPs, but these two cell types fail We next wanted to determine the origin of these male-
specific cells. Since we have not observed sex-specificto coalesce into a round and compact gonad (Van Doren
et al., 2003). Despite the failure of gonad coalescence, differences in SGP proliferation in the gonad (data not
shown), it seems unlikely that the SGPs are dividing towe still observe a cluster of Sox100B-expressing cells
at the posterior of the male gonad (Figure 1H), while no produce the msSGPs. Therefore, we used Sox100B as
a marker for the msSGPs to determine where and whenSox100B-expressing cells are observed in the female
at this stage (Figure 1G). these cells are first specified. At stages prior to gonad
coalescence (stages 12 and 13), a cluster of Eya/We also investigated whether the presence of germ
cells is necessary for the establishment of sexual dimor- Sox100B double-immunopositive cells is observed pos-
terior and ventral to the developing clusters of SGPs,phism in the embryonic gonad. We examined embryos
that lack germ cells due to a hypomorphic mutation in which express Eya alone (Figure 3). Interestingly, this
cluster of Eya/Sox100B double-positive cells is initiallyoskar, a gene required for germ cell formation (Lehmann
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Figure 2. Male and Female Gonads Are
Morphologically Distinct
The posterior of the gonad is as indicated (P)
in each panel.
(A and B) St. 15 female (A) and male (B) go-
nads expressing CD8-GFP in the mesoderm
(UAS-mCD8::GFP x twist-GAL4). Anti-Vasa
(red) labels germ cells, and anti-GFP (green)
marks the cell surface of somatic mesoder-
mal cells. Outlines of gonads are indicated
by dashed lines.
(C and D) Sagittal TEM sections of st. 15 fe-
male (C) and a male (D) gonads. Dashed lines
mark the boundaries of each gonad. Germ
cells in (C) and (D) are indicated by asterisks.
observed in both males and females and appears identi- such as the SGPs and the fat body, require the homeodo-
cal (Figures 3A and 3B), although Eya expression may main proteins Tinman and Zfh-1 for their specification
be somewhat lower in the female cluster (compare Fig- (Broihier et al., 1998). However, in embryos double-mutant
ure 3C to Figure 3D). During stage 13, as the SGPs and for tinman and zfh-1, we find that the msSGPs are still
germ cells associate closely along PS 10–12, the Eya/ specified, even though the SGPs fail to develop (Figure
Sox100B double-positive cells move toward the gonad 4C, compare to Figure 4B). Thus, msSGPs do not arise
in both sexes (Figures 3C and 3D). In males, these cells from the dorsolateral domain, consistent with the fact that
join the posterior of the coalescing gonad (Figures 3F, the msSGPs are first observed in a position ventral to the
3H and 3I). In contrast, these cells do not join the gonad SGPs. The msSGPs also differ from the SGPs in terms
in females (Figure 3E), and only Eya-positive, Sox100B- of their requirements for the homeotic gene abd-A. SGP
negative cells are found in the coalesced gonad (Figure specification absolutely requires abd-A (Cumberledge et
3G). We conclude that the Eya/Sox100B double-positive al., 1992), while msSGPs are still present in these mutants
cells are the msSGPs and that they form separately from (Figure 4D). Thus, despite the fact that the msSGPs and
the SGPs. These cells are initially specified in both males the SGPs share expression of some molecular markers
and females and move anteriorly to join the gonad in such as Eya and Wnt-2, their specification is under inde-
males. In females, these cells do not form part of the pendent control.
gonad, as judged by the above morphological analysis, Since the msSGPs express both Eya and Sox100B, we
and are no longer detected using available markers. investigated the requirements for each of these genes in
msSGP specification. In eya mutants, Sox100B-positive
cells are still observed posterior to the germ cells atThe msSGPs Are under Distinct Regulatory
early stages, in a position where the msSGPs normallyControl from the SGPs
develop (Figure 4E). Since the SGPs are not maintainedSince the msSGPs develop separately from the SGPs, we
in these mutants (Boyle et al., 1997), the germ cells dis-wanted to address where the msSGPs arise and what
perse and the gonad does not coalesce. Therefore, it iscontrols their specification. By marking the anterior of each
impossible to tell if the msSGPs would join the posteriorparasegment using an antibody against Engrailed (Patel
of the male gonad in eya mutants. However, initial msSGPet al., 1989), we determined that the msSGPs are specified
specification does not require eya. Similarly, in a deletionin PS13 (Figure 4A, arrowhead). This observation is consis-
that removes the Sox100B locus, we still observe a largetent with these cells arising posteriorly to the SGPs, which
cluster of Eya-positive cells at the posterior of the maleform in PS 10, 11, and 12. Other Sox100B expression is
gonad that does not appear in females (Figure 4F). Thus,observed in nongonadal tissues, as previously described
the initial development of the msSGPs does not require(Loh and Russell, 2000). We also addressed whether, like
Sox100B. Expression of Eya and Sox100B are mutuallythe SGPs, the msSGPs are specified in the dorsolateral
independent and are likely to be downstream of factorsdomain of the mesoderm (Brookman et al., 1992; Boyle
et al., 1997). Mesodermal cell types that form in this region, controlling initial msSGP specification.
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Figure 3. Time Course for Establishment of Sexual Dimorphism in the Embryonic Gonad
Wild-type female (A, C, E, and G) and male (B, D, F, H, and I) embryos undergoing gonad coalescence. Anterior is to left in all panels. Vasa
(blue), Sox100B (red), and Eya (green) were revealed by immunofluorescence.
(A and B) St. 12 gonads with Sox100B-immunopositive cell cluster (arrows) posterior to germ cells.
(C and D) St. 13 gonads.
(E and F) Early st. 14 gonads.
(G) St. 15 female gonad. Note that the Sox100B-immunopositive cell cluster is not observed in females at this stage.
(H) Late st. 14 male gonad.
(I) St. 15 male gonad. Sex of embryos was determined using an X chromosome-linked transgene (P{Dfd-lacZ-HZ2.7}, see Experimental
Procedures).
Sexual Dimorphism in the Embryonic Gonad role in the sex determination pathway in Drosophila and
is required to promote female differentiation in somaticRequires tra and dsx
Since the msSGPs are initially specified in both males tissues. We examined tra mutant gonads to test if tra
function is required for gonad sexual dimorphism andand females, we determined how these cells receive
information about their sexual identity that allows them found that XX embryos are masculinized by mutations
in tra. Sox100B-immunopositive cells are observed into behave differently in the two sexes. tra plays a key
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the posterior somatic gonad of both XX and XY tra mu-
tant embryos (Figures 5C and 5D) in a manner compara-
ble to wild-type males (Figure 5B). Analysis of the Sox100B
expression pattern in the gonad reveals that there are no
differences between XX and XY tra mutants, or between
either of these genotypes and wild-type males (Figure
5K). Conversely, when Transformer is expressed in XY
embryos (UAS-traF, tubulin-GAL4), we no longer observe
Sox100B-immunopositive cells in these gonads (Figure
5F), and they now appear similar to wild-type females.
In most somatic tissues, the principle sex determina-
tion factor downstream of tra is dsx (Baker and Ridge,
1980). Unlike tra, dsx is required for both the male and
female differentiation pathway, since both XX and XY
dsx mutant adults show an intersexual phenotype (Hil-
dreth, 1965). However, we find that, in the somatic go-
nad, dsx mutant XY embryos are indistinguishable from
wild-type males and show no change in Sox100B ex-
pression (Figure 5H). Thus, unlike in most somatic tis-
sues, this early characteristic of male development does
not require dsx. In XX embryos that are mutant for dsx,
we observe a completely masculinized phenotype (Fig-
ure 5G), in which Sox100B expression in the gonad is
similar to a wild-type male (Figure 5K). When a dominant
allele of dsx, dsxD (Nagoshi and Baker, 1990), is used to
express DsxM (dsxD/dsx) in XX embryos (Figure 5I), we
find that these gonads are no more masculinized than
dsx null XX gonads. Therefore, while DsxF is required
for the proper female phenotype in XX gonads, it ap-
pears that the male Sox100B expression pattern is the
“default” state in the absence of dsx function.
Sexual Dimorphism in the Embryonic Gonad
Results from Sex-Specific Apoptosis
Since the msSGPs join the posterior of the male gonad
but are no longer detected in the female, we investigated
the basis for the sexually dimorphic behavior of these
cells. In the female, these cells could turn off Sox100B
and Eya and contribute to some other tissue, or they
might be eliminated altogether. To test this latter hypoth-
esis, we addressed whether msSGPs are eliminated by
sex-specific programmed cell death in the female. Since
programmed cell death occurs in a caspase-dependent
manner, we examined the gonad phenotype in embryos
in which caspase activity was inhibited by expressing
the baculovirus p35 protein (Hay et al., 1994) in the
mesoderm (Figures 6A and 6B). In these embryos, we
served in nongonadal tissues, such as anterior midgut primordium,
posterior midgut primordium, and Malpighian tubules, as previously
reported (Loh and Russell, 2000).
(B) Wild-type st. 13 embryo showing Sox100B/Eya double-positive
msSGPs (arrow).
(C) tin zfh-1 mutant st. 13 embryo with msSGPs visible (arrow) and
PS10-12 SGPs disrupted (outline).
(D) abd-A mutant st. 13 embryo with msSGPs visible (arrow) and
PS10-12 SGPs disrupted (outline).
Figure 4. The msSGPs Are Specified Separately from the SGPs (E) eya mutant st. 13 embryo. Note presence of msSGPs (arrow-
Anterior is to left in all panels. All markers were revealed using head). Other Sox100B expression is observed in Malpighian tubules
immunofluorescence. Colors of stainings are as indicated in panels. and hindgut, as previously described (Loh and Russell, 2000).
(A) Wild-type st. 12 embryo. Engrailed staining marks the paraseg- (F) Sox100B mutant st. 15 male gonad. Sex of the embryo in (F) was
mental boundaries. Note Sox100B-expressing mesoderm (arrow- determined using an anti-Sxl antibody. Magnification in (F) is 4
head) arising under PS13 En stripe. Sox100B staining is also ob- relative to all other panels.
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Figure 5. Sexual Dimorphism in the Embryonic Gonad Requires tra and dsx
(A–J) St. 15 XX (A, C, E, G, and I) and XY (B, D, F, H, and J) embryonic gonads. Vasa (red) and Sox100B (green) were revealed using
immunofluorescence. Genotypes of embryos are as indicated in panels. Genotypes were determined by using GFP-labeled balancer chromo-
somes, and sex of embryos was determined using an anti-Sxl antibody.
(K) Quantitation of average Sox100B staining in various mutant backgrounds. A scale of 2 to 2 was created (see Experimental Procedures),
with 2 denoting a complete absence of gonadal Sox100B staining at st. 15 (e.g., [A]) and 2 denoting a large cap of bright posterior gonadal
Sox100B staining (e.g., [B]). Average values for each genotype are indicated adjacent to bars. Red bars indicate XX embryos and blue bars
indicate XY embryos. Error bars denote standard deviations. Genotypes: wt  faf-lacZ, tra  tra1/ tra1, dsx  dsx1/dsx23, dsxD/dsx  dsxD/dsx1.
find that XX gonads now appear masculinized; Sox100B- [rpr], and grim), which are regulators of apoptosis in
Drosophila (White et al., 1994; Grether et al., 1995; Chenpositive cells (msSGPs) persist and join the posterior of
female gonads (Figure 6A), and coexpress Eya (data not et al., 1996). A small deletion (DfH99) removes all three
of these genes and blocks most programmed cell deathshown), as in wild-type male embryos. There are not as
many Sox100B-positive cells in females as in males, in the Drosophila embryo (White et al., 1994). In DfH99
mutants, we observe an equivalent cluster of Sox100B-suggesting that p35 may not be completely suppressing
cell death. The presence of such cells in the female positive cells in both males and females (Figures 6C and
6D). Again, these posterior cells are also Eya positivegonad does not appear to drastically affect ovary forma-
tion or oogenesis, since embryos of the genotype in (data not shown). Furthermore, we observe that XX em-
bryos mutant for hid alone also contain Sox100B-posi-Figure 6A develop into fertile adult females.
To investigate how programmed cell death might be tive cells in the posterior of the gonad (Figure 6E), al-
though the posterior cluster of cells is slightly smallercontrolled in the msSGPs, we examined the genes of
the H99 region (head involution defective [hid], reaper than in male hid mutant siblings (compare Figures 6E
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males and females, and move anteriorly to become part
of the gonad in males. In females, these cells are elimi-
nated by sex-specific programmed cell death. Through
our analysis of the msSGPs, we have begun to under-
stand how positional information is combined with sex
determination signals to produce sexual dimorphism in
the somatic gonad.
msSGP Specification
It was previously thought that the SGPs made up the
entire somatic gonad in Drosophila. However, we have
found that the msSGPs are a distinct cell type that con-
tributes to the male gonad. The SGPs and msSGPs
are similar in some respects; both cell types express
molecular markers such as Eya and Wnt2 and coalesce
with the germ cells to form the embryonic gonad. Both
SGPs and msSGPs also express increased levels of the
adhesion molecule DE-cadherin and require DE-cadh-
erin for their ability to properly contribute to the gonad
(Jenkins et al., 2003). However, the identities of msSGPs
and SGPs are specified quite differently. While the SGPs
are specified in PS 10, 11, and 12 and require abd-A,
the msSGPs form in PS13 and are independent of abd-A.
Furthermore, the SGPs develop in the dorsolateral do-
main of the mesoderm and require tin and zfh-1 (Broihier
et al., 1998), while the msSGPs appear to form more
ventrally and are independent of these genes. Thus,
while the SGPs and msSGPs share some aspects of
their identity, they acquire this identity through unique
mechanisms.
msSGP Development Is Regulated by the Sex
Determination Pathway
Proper information from the sex determination pathway
is required to control the sexually dimorphic behavior
of the msSGPs. The female phenotype in the embryonic
gonad is dependent on both tra and dsx. Interestingly,Figure 6. msSGPs Undergo Sex-Specific Programmed Cell Death
it seems that the male phenotype is the default state;St. 16 embryonic female (A, C, and E) and male (B, D, and F) gonads.
Vasa (red) and Sox100B (green) were analyzed with immunofluores- in the absence of any tra or dsx function, msSGPs in
cence. both XX and XY embryos behave as in wild-type males.
(A and B) Gonads in embryos ectopically expressing p35 in the This is a different situation than in most other tissues,
mesoderm (UAS-p35 x twist-GAL4, 24B-GAL4).
in which dsx is required in both sexes to promote proper(C and D) H99 deficiency (DfH99) homozygous mutant gonads.
sexual differentiation. In particular, while we find no role(E and F) hidA206/DfH99 mutant gonads.
for DsxM in this process, DsxF is positively required either
to establish the female fate in the posterior somatic
gonad or to repress the male fate. This role for DsxF inand 6F). We conclude that the msSGPs are normally elimi-
msSGP development is analogous to its role in the geni-nated from females through sex-specific programmed cell
tal disc, in which DsxF is required to block recruitmentdeath, controlled by hid and possibly also other genes of
of btl-expressing cells into the disc (Ahmad and Baker,the H99 region. However, if cell death is blocked in fe-
2002); in both cases, dsx female function serves to re-males, these cells can continue to exhibit the normal
press incorporation of a male-specific cell type. Sincemale behavior of the msSGPs, including proper marker
the msSGPs are initially specified in a sex-independentexpression and recruitment into the gonad. Therefore,
manner, this may account for the fact that the persis-the decision whether or not to undergo apoptosis is
tence of these cells (the male phenotype) is the defaultlikely the crucial event leading to the sexually dimorphic
state. It will be of interest in the future to address thedevelopment of these cells at this stage.
role of the msSGPs in testis development, and how
genes such as dsx, eya, and Sox100B act in this process.Discussion
Sexual Dimorphism in the Drosophila Gonad Sex-Specific Apoptosis as a Mechanism
for Creating Sexual DimorphismWe have found that the somatic gonad in Drosophila is
sexually dimorphic at the time of initial gonad formation, We have demonstrated that sexual dimorphism in the
gonad relies on apoptosis of msSGPs in females imme-far earlier than previously suspected. One manifestation
of this dimorphism results in the presence of the male- diately prior to gonad coalescence. This apoptosis is
caspase dependent, as sex reversal is observed whenspecific somatic gonadal precursors (msSGPs), which
can be identified by their expression of the Sox9 homo- the caspase inhibitor p35 is introduced in females. In
addition, our work indicates that hid is required for thelog Sox100B. These cells are initially specified in both
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Tra-1a and regulatory elements of the cell-death gene
egl-1 (Conradt and Horvitz, 1999). In mammals, sex-
specific programmed cell death has been observed in
the sexually dimorphic nucleus of the preoptic area
(SDN-POA) of the rat hypothalamus, which results in a
smaller size of SDN-POA in females. Sex-specific cell
death in the SDN-POA is a secondary sex characteristic,
since testosterone is sufficient to block apoptosis in
these cells in castrated males (Davis et al., 1996).
Our work demonstrates how apoptosis can be used
as a mechanism for promoting sexual dimorphism in
the somatic gonad. Recent observations of apoptosis
in the developing zebrafish gonad (Uchida et al., 2002)
suggest that this may also occur in other species, includ-
ing vertebrates. Furthermore, other reproductive tissues
clearly utilize sex-specific programmed cell death. In
mammals, the Mullerian duct, which produces much of
the female reproductive tract, is thought to degenerate
in the male via programmed cell death (Price et al., 1977;
Roberts et al., 1999). Germ cells are also observed to
undergo apoptosis and are sensitive to survival andFigure 7. Positional Information and Sexual Identity Are Integrated
to Create Sexual Dimorphism apoptotic factors produced in the somatic cells of the
Model for how msSGPs arise in PS13 and how their behavior is gonad (Kierszenbaum and Tres, 2001). Therefore, pro-
regulated in a sex-specific manner. Parasegment-specific and grammed cell death may be used extensively as a tool
mesoderm-specific factors are required for msSGP specification, to mediate sexual dimorphism, both in the gonad and
while sexual identity determines whether or not the msSGPs un-
throughout the body.dergo apoptosis.
Evolutionary Conservation and Sex Determination
Although sex determination schemes vary widely in theapoptosis observed in females, perhaps in combination
with one or more other genes of the H99 region. msSGPs animal kingdom, there is evidence that the molecular
and cellular pathways used to control sexual dimor-that survive in hid or DfH99 mutant females, or in females
expressing ectopic p35, still incorporate into the gonad phism may be conserved, even between vertebrates
and invertebrates. One example is Sox9, which has beenand express msSGP-specific markers, such as Sox100B.
Since female msSGPs behave like male msSGPs when implicated as an ancestral sex-determining gene in ver-
tebrates given its male-specific gonad expression inthey are allowed to survive, it appears that all msSGPs
have the potential to join the gonad, and it is exclusively diverse species such as human, mouse, turtle, and
chicken (Foster et al., 1994; Kent et al., 1996; Moreno-female-specific cell death that establishes the sex-spe-
cific phenotype of these cells. Mendoza et al., 1999). In this study, we demonstrate
that a potential Drosophila ortholog of Sox9, Sox100BA Molecular Model for Sex-Specific Apoptosis
Sexual dimorphism requires the integration of positional (Loh and Russell, 2000), is expressed in a male-specific
manner in the embryonic somatic gonad. The manner ofinformation with sexual identity. In the case of the
msSGPs, positional information specifies this unique Sox100B expression is reminiscent of that in the mouse;
Sox9 is initially expressed in both sexes, but is main-cell type within PS13 of the mesoderm which, when
combined with a female identity, results in programmed tained and upregulated in the male gonad (Kent et al.,
1996). It will be very interesting to compare the role thatcell death (Figure 7). One possibility is that this sexually
dimorphic output is manifested at the transcriptional Sox100B plays in the development of the Drosophila
testis to the one played by Sox9 in vertebrates.level of hid, grim, or reaper, since upregulation of these
genes has been shown to induce apoptosis in other Molecular conservation is also observed amongst the
members of the Dsx/Mab-3 Related Transcription Fac-cell types (Grether et al., 1995; Chen et al., 1996). For
example, hid would be specifically expressed in tor (DMRT) family. DMRT family members have been
shown to be essential for sex-specific development inmsSGPs in females, under the control of regulatory re-
gions with binding sites for both positional factors (i.e., Drosophila (Dsx), C. elegans (mab-3), medaka fish
(DMY), and mice (DMRT1) and have been implicated inhomeotic proteins or mesoderm-specific factors) and
sex determination factors (e.g., DsxF). This model pro- human sex reversal (Hildreth, 1965; Raymond et al.,
1998, 1999, 2000; Matsuda et al., 2002). We demonstratevides a molecular framework for understanding how the
integration of positional and sexual identity controls sex- here that dsx is essential for proper sex-specific devel-
opment of the msSGPs. Thus, increasing evidence indi-ual dimorphism in the somatic gonad.
A General Mechanism for Promoting cates that DMRT family members are also conserved
regulators of sexual dimorphism.Sexual Dimorphism
Sex-specific apoptosis has been observed in a few In addition to molecular conservation, there is also
conservation of cellular mechanisms in mediating sexualcases in other species. In C. elegans, male-specific pro-
grammed cell death of hermaphrodite-specific neurons dimorphism in different species. As discussed above,
apoptosis may represent one example of such a con-(HSNs) is required for sexual dimorphism in the nervous
system and is mediated by the sex determination factor served mechanism. Even more striking is the use of
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performed as previously described (Lehmann and Tautz, 1994), ex-cell migration and sex-specific cellular recruitment to
cept HNPP/Fast Red (Roche) was used as a fluorescent substrateproduce sexual dimorphism. We have demonstrated
for the alkaline phosphatase reaction. The Wnt-2 antisense ribo-that in Drosophila, the msSGPs are specifically recruited
probe was synthesized by digesting plasmid pBSDWnt-2 (a gift
to join the male gonad. An analogous situation is found from R. Nusse) with NotI and transcribing with T3 RNA polymerase
during mouse testis development, as neighboring meso- (Promega) using digoxigenin-labeled UTP (Boehringer-Mannheim).
Antibody staining was performed (as above) after in situ hybridiza-nephric cells are induced to migrate into the testis in an
tion and before incubation with the Fast Red substrate. SamplesSRY-dependent manner and are required for testis cord
were mounted on slides in 2.5% DABCO (Sigma) in 70% glycerolformation (Capel et al., 1999; Tilmann and Capel, 1999).
and visualized by confocal microscopy.This mechanism is also used to promote sexual dimor-
phism in other tissues, as sex-specific cell migration Genotyping and Sexing of Embryos
contributes to sexually dimorphic development of the In our experiments, we used balancer chromosomes containing
Drosophila genital disc (Ahmad and Baker, 2002). lacZ or GFP transgenes in order to distinguish homozygous mutant
embryos from siblings carrying balancer chromosomes.Therefore, there is evolutionary conservation of both
Sexing of embryos was performed using a female-specific anti-molecular and cellular mechanisms to promote sexual
Sxl antibody or using an X chromosome carrying a lacZ or GFPdimorphism in diverse species. Perhaps this is not so
transgene: P{Dfd-lacZ-HZ2.7} or FM7c, P{GAL4-Dr.C}DC1, P{UAS-
surprising given the ancient relationship between a sex- GFP.S65T}DC5. When using labeled X chromosomes, crosses were
ually dimorphic somatic gonad and the production of set up in which males carrying the labeled chromosome were mated
sex-specific gametes. to wild-type virgin faf-lacZ females. Only the female progeny of
such crosses contain a labeled X chromosome whose -gal or GFP




Electron MicroscopyThe following stocks were used in our analyses: foi20.71 (Moore et
Embryos were collected and dechorionated as described above.al., 1998b), tinGC14 (M. Frasch), zfh-175.26 (Moore et al., 1998b), eyacli-IID,
Embryos were sorted under a fluorescent dissecting microscope toJ3B9RV12 (a deficiency spanning the Sox100B locus; S. Russell), abd-
distinguish males and females by X chromosome GFP expressionAMX1, bluetail (W. Bender), 68-77 (D. Godt), tra1, dsx1, dsx23, dsxD,
(see above). Transmission electron microscopy was performed asDf(3L)H99 (H. Steller), hidA206 (A. Bergmann; Grether et al., 1995),
described in Jenkins et al. (2003).UAS-traF-20J7, UAS-p35-BH3, UAS-mCD8::GFP (L. Luo; Lee and
Luo, 1999), twist-GAL4 (Baylies and Bate, 1996), 24B-GAL4 (Brand
Sox100B Scoring System for msSGPsand Perrimon, 1993), and tubulin-GAL4-LL7. ru st faf-lacZ e ca flies
To quantitate msSGP development, we created a scale based onwere used as wild-type controls (Moore et al., 1998b), in addition
the appearance and number of Sox100B-immunoreactive cells into Canton-S, w1118, and Dfd-lacZ-HZ2.7 (W. McGinnis; Bergson and
the posterior of the coalesced gonad (stage 15 or later). The rangeMcGinnis, 1990). Agametic embryos were the progeny of osk301/
of scores is from 2 to 2, in which 2 represents an absence ofoskCE4 mothers, raised at 18C (Lehmann and Nu¨sslein-Volhard,
Sox100B staining, 1 represents one Sox100B-positive nuclear-1986). Any unspecified stocks were obtained from the Bloomington
stained cell or faint diffuse posterior staining, 0 represents three toStock Center, and information on these lines can be found at Flybase
five nuclear-stained cells, 1 represents roughly seven to twelve(http://flybase.bio.indiana.edu).
Sox100B-positive cells, and 2 represents a large cluster of more
than twelve nuclear-stained cells. At least 30 gonads were scored
Whole-Mount Antibody Stainings for each genotype.
Embryos were fixed and devitellinized as previously described (Pa-
tel, 1994), with the following modifications: all rinses were done with Acknowledgments
PT (PBS with 0.1% Triton X-100), embryos were dechorionated in
50% bleach for 5 min, and fixative was 8 ml heptane, 0.25 ml 37% We thank R. Lehmann, K. Howard, R. Nusse, D. Godt, W. Bender,
formaldehyde, and 1.75 ml PEMS (100 mM PIPES, 2 mM MgSO4, H. Steller, A. Bergmann, M. Frasch, L. Luo, W. McGinnis, and the
1 mM EGTA [pH 6.9]). Embryos were immunostained as previously Bloomington Stock Center for flies and reagents. For certain anti-
described (Patel, 1994), with the following modifications. Tween-20 bodies, we gratefully acknowledge the Developmental Studies Hy-
was always used in place of Triton X-100, blocking with PBTNGS bridoma Bank (under the auspices of the NICHD and maintained by
was done for 60 min in 1 ml volume, and the last two wash series after The University of Iowa, Department of Biological Sciences, Iowa
secondary antibody incubation did not include BSA. After staining, City, IA 52242). We thank G. Sexton in the JHUIIC for help with
embryos were mounted on slides in 2.5% DABCO (Sigma) in 70% confocal microscopy. We also thank V. Corces, R. Brewster, and
glycerol and viewed with a Leica NTS or Zeiss 510 Meta confocal members of the Van Doren laboratory for critical reading of this
microscope. manuscript and for helpful discussions. This work was supported
The following primary antibodies (sources) were used: chicken- by the Pew Charitable Trust (M.V.D.), the ARCS Foundation (A.B.J.),
anti-Vasa (K. Howard) at 1:5,000 or 1:10,000; rabbit-anti-Vasa (R. NSF DBI grant 0099705 (J.M.M. and M.V.D.), and NIH grant GM63023
Lehmann) at 1:10,000; rabbit-anti--gal (Cappel) at 1:10,000; mouse- (M.V.D.).
anti--gal (Promega) at 1:10,000; rabbit-anti-GFP (Torrey Pines) at
1:2,000; mouse-anti-Eya10H6 (Developmental Studies Hybridoma Received: April 1, 2003
Bank [DSHB]; N. Bonini) at 1:25; rabbit-anti-Sox100B (S. Russell) at Revised: May 16, 2003
1:1,000; mouse-anti-En4D9 (DSHB; C. Goodman) at 1:2; and mouse- Accepted: May 28, 2003
anti-SxlM18 (DSHB; P. Schedl) at 1:25 or 1:50. The following second- Published: August 11, 2003
ary antibodies were used, all at 1:500: Cy5 goat anti-chicken (Rock-
land), Cy5 goat anti-rabbit (Amersham Pharmacia), Alexa 594 goat References
anti-chicken, Alexa 594, 546, or 488 goat anti-rabbit, Alexa 568
or 488 goat anti-mouse. All Alexa antibodies are from Molecular Aboim, A.N. (1945). Developpement embryonnaire et post-embryon-
Probes. naire des gonades normales et agametiques de Drosophila melano-
gaster. Revue Suisse de Zoologie 52, 53–154.
Ahmad, S.M., and Baker, B.S. (2002). Sex-specific deployment ofWhole-Mount In Situ Hybridization
Embryos were fixed and devitellinized as described above. Whole- FGF signaling in Drosophila recruits mesodermal cells into the male
genital imaginal disc. Cell 109, 651–661.mount in situ hybridization with digoxigenin-labeled riboprobes was
Drosophila Gonad Sexual Dimorphism
215
Baker, B.S., and Ridge, K.A. (1980). Sex and the single cell. I. On Keisman, E., and Baker, B.S. (2001). The Drosophila sex determina-
tion hierarchy modulates wingless and decapentaplegic signalingthe action of major loci affecting sex determination in Drosophila
melanogaster. Genetics 94, 383–423. to deploy dachshund sex-specifically in the genital imaginal disc.
Development 128, 1643–1656.Baylies, M.K., and Bate, M. (1996). twist: a myogenic switch in Dro-
Kent, J., Wheatley, S.C., Andrews, J.E., Sinclair, A.H., and Koopman,sophila. Science 272, 1481–1484.
P. (1996). A male-specific role for SOX9 in vertebrate sex determina-Bergson, C., and McGinnis, W. (1990). An autoregulatory enhancer
tion. Development 122, 2813–2822.element of the Drosophila homeotic gene Deformed. EMBO J. 9,
Kerkis, J. (1931). The growth of the gonads in Drosophila melanogas-4287–4297.
ter. Genetics 16, 212–244.Boyle, M., and DiNardo, S. (1995). Specification, migration, and as-
Kierszenbaum, A.L., and Tres, L.L. (2001). Primordial germ cell-sembly of the somatic cells of the Drosophila gonad. Development
somatic cell partnership: a balancing cell signaling act. Mol. Reprod.121, 1815–1825.
Dev. 60, 277–280.Boyle, M., Bonini, N., and DiNardo, S. (1997). Expression and func-
Kopp, A., Duncan, I., Godt, D., and Carroll, S.B. (2000). Genetiction of clift in the development of somatic gonadal precursors within
control and evolution of sexually dimorphic characters in Drosoph-the Drosophila mesoderm. Development 124, 971–982.
ila. Nature 408, 553–559.Brand, A.H., and Perrimon, N. (1993). Targeted gene expression as
Kozopas, K.M., Samos, C.H., and Nusse, R. (1998). DWnt-2, a Dro-a means of altering cell fates and generating dominant phenotypes.
sophila Wnt gene required for the development of the male repro-Development 118, 401–415.
ductive tract, specifies a sexually dimorphic cell fate. Genes Dev.Broihier, H.T., Moore, L.A., Van Doren, M., Newman, S., and Leh-
12, 1155–1165.mann, R. (1998). zfh-1 is required for germ cell migration and gonadal
Lee, T., and Luo, L. (1999). Mosaic analysis with a repressible cellmesoderm development in Drosophila. Development 125, 655–666.
marker for studies of gene function in neuronal morphogenesis.Brookman, J., Toosy, A., Shashidhara, L., and White, R. (1992). The
Neuron 22, 451–461.412 retrotransposon and the development of gonadal mesoderm in
Lehmann, R., and Nu¨sslein-Volhard, C. (1986). Abdominal segmen-Drosophila. Development 116, 1185–1192.
tation, pole cell formation, and embryonic polarity require the local-Burtis, K.C., and Baker, B.S. (1989). Drosophila doublesex gene
ized activity of oskar, a maternal gene in Drosophila. Cell 47,controls somatic sexual differentiation by producing alternatively
141–152.spliced mRNAs encoding related sex-specific polypeptides. Cell 56,
Lehmann, R., and Tautz, D. (1994). In Situ hybridization to RNA.997–1010.
In Drosophila melanogaster: Practical Uses in Cell and MolecularBurtis, K.C., Coschigano, K.T., Baker, B.S., and Wensink, P.C. (1991).
Biology, L.S.B. Goldstein and E.A. Fryberg, eds. (San Diego: Aca-The doublesex proteins of Drosophila melanogaster bind directly to
demic Press), pp. 575–598.a sex-specific yolk protein gene enhancer. EMBO J. 10, 2577–2582.
Loh, S.H.Y., and Russell, S. (2000). A Drosophila group E Sox gene
Capel, B., Albrecht, K.H., Washburn, L.L., and Eicher, E.M. (1999).
is dynamically expressed in the embryonic alimentary canal. Mech.
Migration of mesonephric cells into the mammalian gonad depends
Dev. 93, 185–188.
on Sry. Mech. Dev. 84, 127–131.
Matsuda, M., Nagahama, Y., Shinomiya, A., Sato, T., Matsuda, C.,
Chen, P., Nordstrom, W., Gish, B., and Abrams, J.M. (1996). grim,
Kobayashi, T., Morrey, C.E., Shibata, N., Asakawa, S., Shimizu, N.,
a novel cell death gene in Drosophila. Genes Dev. 10, 1773–1782.
et al. (2002). DMY is a Y-specific DM-domain gene required for male
Conradt, B., and Horvitz, H.R. (1999). The TRA-1A sex determination development in the medaka fish. Nature 417, 559–563.
protein of C. elegans regulates sexually dimorphic cell deaths by
Moore, L.A., Broihier, H.T., Van Doren, M., and Lehmann, R. (1998a).
repressing the egl-1 cell death activator gene. Cell 98, 317–327.
Gonadal mesoderm and fat body initially follow a common develop-
Coschigano, K.T., and Wensink, P.C. (1993). Sex-specific transcrip- mental path in Drosophila. Development 125, 837–844.
tional regulation by the male and female doublesex proteins of Dro-
Moore, L.A., Broihier, H.T., Van Doren, M., Lunsford, L.B., and Leh-
sophila. Genes Dev. 7, 42–54.
mann, R. (1998b). Identification of genes controlling germ cell migra-
Cumberledge, S., Szabad, J., and Sakonju, S. (1992). Gonad forma- tion and embryonic gonad formation in Drosophila. Development
tion and development requires the abd-A domain of the bithorax 125, 667–678.
complex in Drosophila melanogaster. Development 115, 395–402. Moreno-Mendoza, N., Harley, V.R., and Merchant-Larios, H. (1999).
Davis, E.C., Popper, P., and Gorski, R.A. (1996). The role of apoptosis Differential expression of SOX9 in gonads of the sea turtle Lepido-
in sexual differentiation of the rat sexually dimorphic nucleus of the chelys olivacea at male- or female-promoting temperatures. J. Exp.
preoptic area. Brain Res. 734, 10–18. Zool. 284, 705–710.
Foster, J.W., Dominguez-Steglich, M.A., Guioli, S., Kowk, G., Weller, Nagoshi, R.N., and Baker, B.S. (1990). Regulation of sex-specific
P.A., Stevanovic, M., Weissenbach, J., Mansour, S., Young, I.D., RNA splicing at the Drosophila doublesex gene: cis-acting muta-
Goodfellow, P.N., et al. (1994). Campomelic dysplasia and autoso- tions in exon sequences alter sex-specific RNA splicing patterns.
mal sex reversal caused by mutations in an SRY-related gene. Na- Genes Dev. 4, 89–97.
ture 372, 525–530. Patel, N. (1994). Imaging neuronal subsets and other cell types in
Galloni, M., Gyurkovics, H., Schedl, P., and Karch, F. (1993). The whole-mount Drosophila embryos and larvae using antibody
bluetail transposon: evidence for independent cis-regulatory do- probes. In Drosophila melanogaster: Practical Uses in Cell and Mo-
mains and domain boundaries in the bithorax complex. EMBO J. lecular Biology, L.S.B. Goldstein and E.A. Fryberg, eds. (San Diego:
12, 1087–1097. Academic Press), pp. 445–487.
Grether, M.E., Abrams, J.M., Agapite, J., White, K., and Steller, H. Patel, N.H., Martin-Blanco, E., Coleman, K.G., Poole, S.J., Ellis, M.C.,
(1995). The head involution defective gene of Drosophila melanogas- Kornberg, T.B., and Goodman, C.S. (1989). Expression of engrailed
ter functions in programmed cell death. Genes Dev. 9, 1694–1708. proteins in anthropods, annelids, and chordates. Cell 58, 955–968.
Hay, B.A., Wolff, T., and Rubin, G.M. (1994). Expression of baculovi- Poirie´, M., Niederer, E., and Steinmann-Zwicky, M. (1995). A sex-
rus P35 prevents cell death in Drosophila. Development 120, 2121– specific number of germ cells in embryonic gonads of Drosophila.
2129. Development 121, 1867–1873.
Hildreth, P.E. (1965). doublesex, a recessive gene that transforms Price, J.M., Donahoe, P.K., Ito, Y., and Hendren, W.H. (1977). Pro-
both males and females of Drosophila into intersexes. Genetics 51, grammed cell death in the Mullerian duct induced by Mullerian inhib-
659–678. iting substance. Am. J. Anat. 149, 353–375.
Raymond, C.S., Shamu, C.E., Shen, M.M., Seifert, K.J., Hirsch, B.,Jenkins, A.B., McCaffery, J.M., and Van Doren, M. (2003). Drosophila
E-cadherin is essential for proper germ cell-soma interaction during Hodgkin, J., and Zarkower, D. (1998). Evidence for evolutionary con-
servation of sex-determining genes. Nature 391, 691–695.gonad morphogenesis. Development, in press.
Developmental Cell
216
Raymond, C.S., Parker, E.D., Kettlewell, J.R., Brown, L.G., Page,
D.C., Kusz, K., Jaruzelska, J., Reinberg, Y., Flejter, W.L., Bardwell,
V.J., et al. (1999). A region of human chromosome 9p required for
testis development contains two genes related to known sexual
regulators. Hum. Mol. Genet. 8, 989–996.
Raymond, C.S., Murphy, M.W., O’Sullivan, M.G., Bardwell, V.J., and
Zarkower, D. (2000). Dmrt1, a gene related to worm and fly sexual
regulators, is required for mammalian testis differentiation. Genes
Dev. 14, 2587–2595.
Riechmann, V., Rehorn, K.P., Reuter, R., and Leptin, M. (1998). The
genetic control of the distinction between fat body and gonadal
mesoderm in Drosophila. Development 125, 713–723.
Roberts, L.M., Hirokawa, Y., Nachtigal, M.W., and Ingraham, H.A.
(1999). Paracrine-mediated apoptosis in reproductive tract develop-
ment. Dev. Biol. 208, 110–122.
Sanchez, L., Gorfinkiel, N., and Guerrero, I. (2001). Sex determination
genes control the development of the Drosophila genital disc, modu-
lating the response to Hedgehog, Wingless and Decapentaplegic
signals. Development 128, 1033–1043.
Schu¨pbach, T. (1982). Autosomal mutations that interfere with sex
determination in somatic cells of Drosophila have no direct effect
on the germline. Dev. Biol. 89, 117–127.
Simon, J., Peifer, M., Bender, W., and O’Connor, M. (1990). Regula-
tory elements of the bithorax complex that control expression along
the anterior-posterior axis. EMBO J. 9, 3945–3956.
Sonnenblick, B.P. (1941). Germ cell movements and sex differentia-
tion of the gonads in the Drosophila embryo. Proc. Natl. Acad. Sci.
USA 26, 373–381.
Starz-Gaiano, M., and Lehmann, R. (2001). Moving towards the next
generation. Mech. Dev. 105, 5–18.
Steinmann-Zwicky, M. (1994). Sex determination of the Drosophila
germ line: tra and dsx control somatic inductive signals. Develop-
ment 120, 707–716.
Tilmann, C., and Capel, B. (1999). Mesonephric cell migration in-
duces testis cord formation and Sertoli cell differentiation in the
mammalian gonad. Development 126, 2883–2890.
Uchida, D., Yamashita, M., Kitano, T., and Iguchi, T. (2002). Oocyte
apoptosis during the transition from ovary-like tissue to testes dur-
ing sex differentiation of juvenile zebrafish. J. Exp. Biol. 205,
711–718.
Van Doren, M., Mathews, W.R., Samuels, M., Moore, L.A., Broihier,
H.T., and Lehmann, R. (2003). fear of intimacy encodes a novel
transmembrane protein required for gonad morphogenesis in Dro-
sophila. Development 130, 2355–2364.
Wagner, T., Wirth, J., Meyer, J., Zabel, B., Held, M., Zimmer, J.,
Pasantes, J., Bricarelli, F.D., Keutel, J., Hustert, E., et al. (1994).
Autosomal sex reversal and campomelic dysplasia are caused by
mutations in and around the SRY-related gene SOX9. Cell 79, 1111–
1120.
White, K., Grether, M.E., Abrams, J.M., Young, L., Farrell, K., and
Steller, H. (1994). Genetic control of programmed cell death in Dro-
sophila. Science 264, 677–683.
Zarkower, D. (2001). Establishing sexual dimorphism: conservation
amidst diversity? Nat. Rev. Genet. 2, 175–185.
